Purpose: To demonstrate that ultrashort echo time (UTE) magnetic resonance imaging (MRI) can achieve computed tomography (CT)-like quantification of lung parenchyma in free-breathing, non-sedated neonates. Because infant CTs are used sparingly, parenchymal disease evaluation via UTE MRI has potential for translational impact. Materials and Methods: Two neonatal control cohorts without suspected pulmonary morbidities underwent either a research UTE MRI (n 5 5; 1.5T) or a clinically-ordered CT (n 5 9). Whole-lung means and anterior-posterior gradients of UTE-measured image intensity (arbitrary units, au, normalized to muscle) and CT-measured density (g/cm 3 ) were compared (Mann-Whitney U-test). Separately, a diseased neonatal cohort (n 5 5) with various pulmonary morbidities underwent both UTE MRI and CT. UTE intensity and CT density were compared with Spearman correlations within $33 anatomically matched regions of interest (ROIs) in each diseased subject, spanning low-to high-density tissues. Radiological classifications were evaluated in all ROIs, with mean UTE intensities and CT densities compared in each classification. Results: In control subjects, whole-lung UTE intensities (0.51 6 0.04 au) were similar to CT densities (0.44 6 0.09 g/cm 3 ) (P 5 0.062), as were UTE (0.021 6 0.020 au/cm) and CT (0.034 6 0.024 [g/cm 3 ]/cm) anterior-posterior gradients (P 5 0.351). In diseased subjects' ROIs, significant correlations were observed between UTE and CT (P 0.007 in each case). Relative differences between UTE and CT were small in all classifications (4-25%).
M agnetic resonance imaging (MRI) has potential as a technique for longitudinal assessment of pulmonary disorders, particularly in pediatric populations. Nevertheless, pulmonary MRI currently plays a limited role in clinical diagnosis of pulmonary diseases. Thoracic X-ray computed tomography (CT) scans are the current standard for structural lung imaging and have the ability to quantify volumetric mass density of parenchymal tissue with submillimeter in-plane image resolution. Whole-lung and regional measures are used in quantitative CT (qCT) of lung density in adults, which has been well validated in numerous studies to spatially map lung density and function, [1] [2] [3] as well as identify pathological structures like emphysema 4 or ground glass opacities. 5 However, there are concerns regarding the ionizing radiation exposure associated with CT, particularly for longitudinal monitoring in pediatric and neonatal populations. [6] [7] [8] Further, pediatric CTs often require sedation or anesthesia, which exposes patients to additional medical risks. 9 Thus, CT is a suboptimal option for longitudinal diagnostic imaging in the neonatal population, where the time course of pulmonary morbidities is poorly defined and understood; alternative neonatal imaging tools are desirable.
As a nonionizing modality, MRI is particularly appropriate for evaluating the progression of pulmonary pathophysiologies in pediatric patients, especially in light of recent developments using the k 0 point from radial ultrashort echo time (UTE) MRI acquisitions to yield images in free-breathing neonates without sedation or anesthesia. 10, 11 Historically, pulmonary MRI has been challenging due to the low parenchymal proton density, 12 short T Ã 2 (0.8-3 msec at typical field strengths), 13 and image artifacts from respiratory, cardiac, and bulk motion. Quantitative MRI (qMRI) has seen some initial successes using conventional Cartesian sequences to measure regional ventilation in adults 14 and young cystic fibrosis (CF) patients 15 using relative image intensity differences, and to distinguish parenchymal intensities between neonates with and without pulmonary disease, such as bronchopulmonary dysplasia (BPD), using intensity thresholding. 16 Recent developments of UTE MRI techniques 17 provide 3D whole-chest coverage, increased signal-to-noise (SNR) in tissue regions with very short T Ã 2 , reduced sensitivity to motion, and the ability to generate respiratorygated images at different levels of inflation from a single free-breathing scan, even in non-sedated neonates. 10, 11 Additional post-processing developments allow for reconstruction of radial UTE images excluding data acquired during periods of bulk motion, which obviates the need for a sedated or anesthetized neonate, regardless of UTE scan duration.
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At current clinical field strengths, the typical echo time (TE) of a UTE sequence ($0.2 msec) is well below parenchymal T Ã 2 . The low flip angles (FA) used in the present UTE sequence (typically 58), combined with the short TE, provide images with strong proton-density weighting. While MRI-measured intensity alone does not provide an absolute measure of volumetric mass density, the intensity can be calibrated by a reference tissue of known density. For example, muscle tissue, which has a density approximately equal to that of water on proton density-weighted images, 18 can be used as a reference tissue within the field of view (FOV) of a typical thoracic volume image. Thus, parenchymal UTE MRI intensity in the lungs normalized to muscle can be expected to yield values comparable to true density. 12 Early quantifications via UTE MRI in healthy subjects yielded lung density values from measurements of "water content," 19 and in chronic pulmonary obstruction disease (COPD) subjects showed similar emphysema indices to CT. 20 We hypothesize that UTE MRI can quantify volumetric mass density of neonatal lung parenchyma similar to that achievable with CT, with pathological variations in parenchymal proton density analogous to electron densities as measured by CT. Because infant CTs are used sparingly, and may involve sedation or anesthesia, parenchymal disease evaluation via UTE MRI has the potential for translational impact.
Materials and Methods
Neonatal research MRI exams were performed with Institutional Review Board (IRB) approval and informed parental consent. Clinically-ordered chest CT exams were retrospectively obtained for research with IRB approval and waived consent.
Study Subjects
A prospective MRI cohort of pulmonary control subjects consisted of five neonatal patients recruited from the neonatal intensive care unit (NICU) and primarily diagnosed with seizures or gastrointestinal issues, but with no suspected lung disease. Further clinical information for the cohort is given in Table 1 , including sex, age, respiratory support, administration of sedation, and administration of contrast at MRI. All subjects' heart rates and SpO 2 levels were monitored by NICU staff throughout each exam.
Clinically-ordered CT images were obtained and reviewed retrospectively in nine separate, similarly-aged control subjects. This retrospective control cohort was comprised of infants who had clinically-ordered CT scans, primarily to rule out lung involvement after rare childhood cancers; lung morbidities were subsequently ruled out, which supports their role as control subjects for this study. Further clinical information for this cohort is given in Table 1 . A separate, prospective, diseased neonatal cohort was comprised of five NICU patients (Subjects A-E) with various pulmonary morbidities who received both a research MRI exam and a clinical CT exam (mean postmenstrual age [PMA] at MRI 5 41 6 2 weeks, mean PMA at CT 5 43 6 4 weeks). Clinical information for each of the subjects at MRI and CT is given in Table 2 .
MRI
All MRI was performed on a unique, small-footprint, neonatal 1.5T MRI system (originally marketed as an orthopedic scanner from ONI Medical Systems, Wilmington, MA; currently GE Healthcare, Waukesha, WI) sited within our institution's NICU. [21] [22] [23] The scanner has a 21.8-cm bore size, which is reduced to 18 cm with the insertion of a quadrature body coil, accommodating neonates up to $4.5 kg. This system operates with GE HDx software and is software-limited to a maximum gradient amplitude of 33 mT/m and slew rate of 120 mT/m/s. A 3D radial UTE acquisition sequence with radio frequency (RF) spoiling 17 was adapted for neonatal scanning and uses a pseudorandomized sampling scheme with variable density readout trajectories. 10 Journal of Magnetic Resonance Imaging windows, after discarding data acquired during bulk motion intervals, with a total runtime of 5 minutes. MRI exams included other non-UTE scans and lasted a total of $60-90 minutes. However, if shortened to include only a localizer and a UTE scan, the total exam time would be $15-20 minutes.
CT Imaging
Protocols for CT imaging varied as clinically indicated, without consideration of potential research design or standardization of acquisition methodology, and thus were necessarily subject to inconsistencies in acquisition parameters and inflation levels. CT imaging was performed on two different scanners: either a Toshiba Aquilion ONE (Toshiba America Medical Systems, Tustin, CA; three of nine control subjects and five of five diseased subjects) with an FC05 or FC56 kernel; or a GE Healthcare LightSpeed 16 (six of nine control subjects) with an unspecified lung kernel. In-plane axial isotropic resolution was 0.26-0.39 mm, with a slice thickness of 2.00-3.78 mm.
Whole-Lung Analysis
Whole-lung segmentations were generated semi-automatically from UTE MRI and CT images of control subjects using Amira (FEI Visualization Sciences Group). Region-growing segmentation was used, with manual guidance and editing to avoid intensity-based bias. Major vessels and atelectasis were excluded from segmented parenchymal regions. UTE-measured lung image intensities were calculated in arbitrary units (au) normalized to chest wall muscle intensity (averaged over multiple ROIs throughout the 3D FOV), meant to be analogous to macroscopic mass density. CT-measured lung densities were calculated in g/cm 3 , converted from Hounsfield units (HU) of CT image intensity, with 0 HU referenced to water at 1 g/cm 3 . T 1 and T Ã 2 corrections were applied to whole-lung UTE intensities, using relaxation time values measured for adults at 1.5T: T 
Anterior-Posterior Gradient Analysis
For each individual control subject, a mean anterior-posterior (A-P) lung gradient of normalized image intensity (UTE; au, uncorrected for T 1 and T Ã 2 , detailed in Discussion) or density (CT; g/ cm 3 ) was calculated from the slopes of six A-P lines measured on one slice near the carina (three lines spaced from the lateral lung toward the mediastinum on both left and right lungs). For both the UTE and CT cohorts, a mean A-P gradient value was calculated from each subject's individual mean gradient value. Major vessels and atelectasis were excluded from measurements.
ROI Analysis
Approximately 33 (range 28-37) ROIs were selected throughout the lungs from each of the five diseased subjects' axial CT images, with no anatomical location preference, but spanning low-to highdensity regions of both pathological and normal tissue. Each CT ROI had relatively homogeneous density, with a mean ROI standard deviation of 0.10 g/cm 3 . ROIs from diseased patients'
CT images (slice thickness 5 2.0-3.8 mm) were position-and slice-matched to ROIs in axial UTE images with a slice thickness of 2.8 mm (reconstructed at 43 thicker than the nominal UTE z-resolution of 0.70 mm for improved slice-matching). Each UTE ROI had also had relatively homogenous intensity, with a mean ROI standard deviation of 0.08 au. UTE ROI intensities (uncorrected for T 1 and T Ã 2 ) were normalized to chest wall muscle and compared to CT ROI densities (g/cm 3 ). ROIs on UTE MRI and CT images from all five diseased subjects were evaluated by a radiologist (R.J.F., 22 years of experience). Evaluation included classification of radiological findings within the ROI (six classifications: air trapping, air trapping/cysts, normal tissue, mixed cysts with ground glass opacities, ground glass opacities, and airspace opacities), as well as a degree of confidence in radiological assessment (score of 1-5: 1, none; 2, low; 3, moderate; 4, good; 5, high). All images were anonymized and evaluated in random order; UTE MRI and CT images for a single patient were read separately. For each of the six radiological classifications, mean UTE ROI image intensities (uncorrected for T 1 and T Ã 2 ) and mean CT ROI densities were compared.
Statistical Tests
Whole-lung mean image intensities from the UTE control cohort and mean densities from the CT control cohort were compared by a Mann-Whitney U-test and 95% confidence intervals (CI) of the difference of means. Similar statistical evaluations were used for A-P gradient values from the UTE and CT control cohorts. In each diseased subject, ROI UTE-measured intensities and CT-measured densities were compared using Spearman correlations. The level for statistical significance was set at P < 0.05. A kappa test was used to assess intermethod reliability between UTE-based and CT-based radiological classifications for all ROIs from all patients. For each classification, relative differences of the means and 95% CI of the difference of the means were calculated.
Results
Side-by-side CT and UTE MR image comparisons for the five diseased subjects are shown in Figure 1 .
Whole-Lung Analysis
Mean UTE-measured whole-lung parenchymal image intensity in the MRI control cohort was 0.51 6 0.04 au when uncorrected for T 1 and T Ã 2 (0.56 6 0.05 au when corrected). Mean CT-measured whole-lung parenchymal density in the CT control cohort was 0.44 6 0.09 g/cm 3 ( Figure   2 ). Both the uncorrected and corrected UTE technique measured a slightly higher intensity value than the CTmeasured density (P 5 0.062 and 0.062, respectively 
Anterior-Posterior Gradient Analysis
The mean A-P gradient for UTE-measured image intensity was 0.021 6 0.020 au/cm and for CT-measured density was 0.034 6 0. 
ROI Analysis
Representative slice-matched ROIs of various densities are shown in Figure 4 . Significant Spearman correlations were observed from linear regression analysis between UTE-measured image intensity and CT-measured density for parenchymal ROIs in each of the five diseased subjects (P < 0.007 for all subjects).
Further linear fit details (R 2 , slope, and ranges of UTE-measured intensity and CT-measured density) are given in Table 3 .
Representative ROIs from each radiological classification are shown in Figure 4 . 99% and 100% of ROI classifications on UTE and CT images, respectively, were scored with a confidence level of 3 ("moderate") or greater (score from [1] [2] [3] [4] [5] . A kappa test demonstrated moderate agreement between UTE-based classifications and CT-based classifications (j 5 0.57). Mean UTE ROI image intensities and mean CT ROI densities for each of the six classifications are shown in Table 4 and Figure 6 , and relative differences of the means and 95% CI of the difference of the means are shown in Table 4 . We note that the differences between UTE intensities and CT densities were relatively small in each of these radiological classifications (range of 4-25%). Further, the 95% CI of the difference of the means contained zero in regions of air trapping, air trapping/cysts, and mixed cysts with ground glass opacities (see Table 4 ).
Discussion
Our results demonstrate the feasibility of using pulmonary UTE MRI to quantify lung parenchymal density in nonsedated, free-breathing neonates, and importantly indicate that on a linear scale from zero density (ie, air, $0 g/cm 3 )
FIGURE 1: Slice-matched images comparing clinical CT scans (left column) and research UTE MRI scans (right column) in five diseased subjects (from top to bottom: Subjects A through E). CT and MRI exams were typically performed at different timepoints for each individual subject; chronological ages at each subject's CT and MRI exams are provided. CT images have an in-plane isotropic pixel resolution of 0.29-0.39 mm with a slice thickness of 2.0-3.8 mm, and UTE images have an in-plane isotropic pixel resolution of 0.70 mm with a reconstructed slice thickness of 2.8 mm (reconstructed at 43 thicker than the nominal UTE z-resolution of 0.70 mm in order to optimize slice-matching). Note that contrast was administered for the clinical CTs of Subjects C, D, and E, and that the spinal-column appearance is influenced by components with different T 1 and T Ã 2 , similar to lung. FIGURE 2: A comparison of mean normalized UTE-measured image intensity (0.51 6 0.04 au when uncorrected for T 1 and T Ã 2 , left; 0.56 6 0.05 au when corrected, middle) and mean CTmeasured density (0.44 6 0.09 g/cm 3 , right) from whole-lung parenchyma in control subjects. Both uncorrected and corrected UTE-measured intensities measure a slightly higher value than CT-measured density (P 5 0.062 and 0.062, respectively). Note that the CT control cohort was on average 10 weeks older than the MRI control cohort; PMA of both cohorts are provided (mean 6 standard deviation).
to solid tissue density (ie, muscle, $1 g/cm 3 ), densities measured from CT and normalized UTE MRI yield approximately the same value. To our knowledge, this work represents the first results that show a relationship between CT-measured lung density and UTE-measured normalized lung image intensity in pediatric subjects. Further, this work demonstrates that specific radiological pathologies present with similar CT-measured densities and UTE-measured intensities, indicating that similar diagnostic information can be obtained from both imaging modalities. More important, the relative densities of these radiological pathologies within a given UTE MRI slice are consistent with that seen on CT and thus create recognizable pathologies for radiologists and clinicians similar to CT.
Correlations between the two density measures were particularly strong in diseased patients with a wide range of density variation within the lungs. These data suggest that UTE MRI and CT can provide similar measures of density in patients with a range of pediatric lung pathologies. We note that Subject C had a more narrow range of tissue densities than the other subjects, due to the less heterogeneous nature of this subject's pulmonary pathologies (Poland syndrome), and so has a higher (although still significant) Pvalue and a slope that deviates further from unity than the other subjects' slopes.
Future work may evaluate the potential for UTE MR images with CT-like lung parenchymal densities to diagnosis and assess neonatal lung disease. Compared to traditional MRI sequences with comparatively long TE values (such as a gradient echo), UTE MRI provides increased intensity in tissues with short T Ã 2 . This UTE-specific capability offers the potential for improved visualization of regions of lucency in diseased neonatal lungs, compared to conventional Cartesian MRI, through increased contrast between short-T Ã 2 tissue and true low-density tissue. Using pointwise encoding time reduction with radial acquisition (PETRA) UTE MRI, a previous study of CF disease scoring and assessment of lung morphological changes in pediatric and adult patients (9-48 years old) found agreement between CT and MRI methods. 28 By combining the present work's UTE MRI methods with a reader-based scoring system, such as the Ochiai score used for BPD, 16, 27 there is potential to grade the severity of individual pathological features, such as hyperexpansion, emphysema, or fibrous/interstitial abnormalities, which could play an important role in the evaluation of therapeutic interventions and individual patient management. Furthermore, recently developed techniques for retrospective respiratory gating of free-breathing neonates using UTE MRI 11 can generate images at different points of the respiratory cycle, providing the potential for trapped-gas assessment. This also allows for the possibility of quantifying regional ventilation in neonates, similar to work performed in asthmatic and emphysematous adults using MRI 14, 29 and in older infants with CF using CT. 15 Unlike CT, MR intensities from parenchyma and muscle is influenced by proton density as well as the T 1 -and T 1-1.2 sec) , 24, 25 and the relative neonatal lung and muscle T 1 -weightings accrued with the small flip angles in this work are likely very similar, yielding very little change to the normalized UTE MRI intensity with a T 1 correction (to $0.001%, using adult values). Likewise, the T Ã 2 of normal neonatal lung parenchyma has not been reported but is likely similar to (or longer than) the adult value ($2 msec at 1.5T). 13 At the short echo times inherent to UTE acquisitions, T Ã 2 weighting in both lung and muscle is small (with correction, UTE image intensity changes <10% and <1% for lung and muscle, respectively).
Further, diseased neonatal lung tissue is very heterogeneous, and relaxation times likely vary widely between regional pathologies (cysts, alveolar simplification, normal tissue, fibrosis, opacities, edema, etc.). Thus, T 1 and T Ã 2 corrections may be implemented most effectively on a regional basis and would require mapping of relaxation constants in different pathological conditions; such analysis could be the subject of future work. Even so, these results show strong associations between CT densities and normalized UTE image intensities, demonstrating that UTE MRI is effective at providing a primarily proton-density weighting without the need for specific localized corrections. This study has limitations related to the nature of the clinical CT data. As clinical protocols changed slightly in response to individual patient management, subjects were imaged under various levels of lung inflation, on two CT scanners from different manufacturers, with slightly different reconstruction kernels, and with varying image resolutions. Notably, whole-lung parenchymal density analysis was performed during either free-breathing (n 5 6) or at unknown inflation levels (n 5 3) for the CT control cohort, compared to only end-expiration (n 5 5) for the UTE MRI control cohort. The generally lower level of inflation at MRI may be responsible for the slightly increased whole-lung UTE intensity compared to whole-lung CT density, although we note that the variation in CT whole-lung density was itself larger than the difference between CT and MRI. Differences in the slopes between CT-measured density and UTEmeasured intensity in ROIs of diseased subjects may also be related to the lack of well-controlled inflation levels at clinical CT. Additionally, the elevated CT densities for Subjects C-E likely stem from the use of contrast at clinical CT, which has been shown to increase parenchymal CT intensity in emphysematous adults. 30 This may also be responsible for the larger differences between MRI and CT in ROIs classified as normal, with ground glass opacities, and with other airspace opacities, since the relative amount of contrast is more variable in such tissue than in cystic or more lucent regions. Likewise, the timepoints at which diseased subjects' clinical CTs were obtained were not under control of the research team, and thus MRI scans were acquired on different days than CT scans (with the exception of Subject E, whose MRI and CT scans were performed on the same day); research CT scans are typically not performed in this patient population. In one case (Subject A), the CT exam was performed 11 weeks after the MRI exam. Evolution or resolution of lung pathology during this time could lessen the correlation between the measurements in a given ROI. Similarly, the CT control cohort was slightly older than the MRI control cohort (on average, 7 weeks older in chronological age and 10 weeks older in PMA). We further suspect that the mean whole-lung CT-measured density is slightly lower than UTE-measured image intensity in small part because of the decrease in lung density after birth as infants age 31 ; CT-measured lung density is expected to decrease by $0.01 g/cm 3 between a chronological age of 4 weeks (mean age of the MRI cohort) to 11 weeks (mean age of the CT cohort). 31 Additionally, because structural characteristics of lung disease evolve with time, there was a small degree of subjectivity in manual ROI selections on CTs and UTE MRIs acquired at different timepoints. However, this was mitigated through matching of axial slices and in-plane anatomical positions of CT and UTE ROIs, in addition to a large number of ROIs per patient. 2 ) and mean CT ROI densities (g/cm 3 ) for each of the six radiological classifications. Relative differences between mean UTE intensity and mean CT density were small (range of 4-25%). ) and CT-measured density (g/cm 3 ) in $33 ROIs in diseased subjects with various pulmonary issues (red triangles for Subject A; green squares for Subject B; cyan circles for Subject C; black inverted triangles for Subject D; and blue hollow circles for Subject E). All Spearman correlations from linear regression analysis are significant (P < 0.001 for Subjects A, B, D, and E; P 5 0.007 for Subject C), with slightly varying linear fits.
In conclusion, UTE MRI can be used to quantify both whole-lung and regional lung parenchymal density, providing tissue density quantification and visualization of pathologies similar to that achievable with CT. Unlike neonatal pulmonary CT, UTE MRI is nonionizing, can be performed during free-breathing, and does not require sedation or anesthesia, which makes it a strong and safe choice for repeated assessment of neonatal lung disease in clinical settings. UTE MRI offers the potential to longitudinally image the regional progression of pulmonary pathologies like fibrosis, bronchiectasis, edema, and alveolar simplification. In the future, this quantification may aid in identifying individual phenotypes of and personalizing clinical therapies for neonatal lung disease.
